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Structures of the psychrophilic Alteromonas haloplanctis
a-amylase give insights into cold adaptation at a molecular level
Nushin Aghajari1, Georges Feller2, Charles Gerday2 and Richard Haser1*
Background: Enzymes from psychrophilic (cold-adapted) microorganisms
operate at temperatures close to 0°C, where the activity of their mesophilic and
thermophilic counterparts is drastically reduced. It has generally been assumed
that thermophily is associated with rigid proteins, whereas psychrophilic
enzymes have a tendency to be more flexible.
Results: Insights into the cold adaptation of proteins are gained on the basis of
a psychrophilic protein’s molecular structure. To this end, we have determined
the structure of the recombinant form of a psychrophilic α-amylase from
Alteromonas haloplanctis at 2.4 Å resolution. We have compared this with the
structure of the wild-type enzyme, recently solved at 2.0 Å resolution, and with
available structures of their mesophilic counterparts. These comparative studies
have enabled us to identify possible determinants of cold adaptation.
Conclusions:  We propose that an increased resilience of the molecular
surface and a less rigid protein core, with less interdomain interactions, are
determining factors of the conformational flexibility that allows efficient enzyme
catalysis in cold environments.
Introduction
Cold environments, such as polar regions, as well as
oceans, which, below a depth of 1000 m, maintain an
average temperature of 1–3°C, make up about 70% of the
earth’s surface. Nevertheless, little is known about the
relationship between structure and activity of enzymes
present in the cold-adapted microorganisms inhabiting
these extreme-temperature environments. Because of their
potential biotechnological applications, psychrophilic (cold
loving) bacteria (optimal growth temperature ≤ 15°C) are
now receiving increased attention [1–6]. Indeed, potential
applications can be found for cold-adapted enzymes in
industrial processes (as additives in detergents), in food
industries or in bioremediation. Some psychrophilic bacte-
ria are of dietary importance, as they can form omega-3
polyunsaturated fatty acids [7]. 
In order to maintain adequate metabolic fluxes, enzymes
from psychrophilic microorganisms have evolved towards
a high catalytic efficiency at low temperatures. It has been
a general assumption that thermophily is correlated with
rigidity of the protein, and that psychrophily, at the other
end of the temperature scale, should be reflected by a
more flexible protein structure. Alteromonas haloplanctis is
a Gram-negative bacterium that has been collected in
Antarctic sea water, which has a stable temperature of
between –2°C and +2°C. It can be considered as a typical
psychrophile, although its upper growth limit is 25°C [8].
In the present study, focus is put on the α-amylase
secreted by this bacterium. Two high-resolution crystal
structures of the α-amylase secreted by A. haloplanctis have
been compared with the three-dimensional structures of
this enzyme’s mesophilic counterparts. Until very recently,
the relationship between protein psychrophily and three-
dimensional structure had been investigated only by
homology modeling (see e.g. [9–11]) because of the lack of
a crystal structure. In the case of psychrophilic enzymes,
structural factors believed to lead to a relative flexibility of
the protein structure have included a decreased number of
salt bridges (especially with a reduced number of arginine
residues), less proline residues in loops and an increased
number of glycine residues close to functional motifs (see
e.g. [3,4] and references therein). All these conclusions
were based on modeling studies. The three-dimensional
structures of wild-type α-amylase from A. haloplanctis, native
and complexed with an inhibitor, were solved recently by
X-ray crystallographic methods [12] to 2.0 and 1.85 Å reso-
lution, respectively. Now, the structure of the recombinant
form of this α-amylase has been solved as well and the
results of these experimental studies give new insight into
cold adaptation on a molecular level. It should be men-
tioned that two other very recent X-ray studies on psy-
chrophilic enzymes have been reported [13,14]. Here, we
report comparative studies based on the experimentally
obtained three-dimensional structures of a psychrophilic
enzyme and its mesophilic counterparts.
Results and discussion
The overall structure of psychrophilic a-amylase
Recombinant A. haloplanctis α-amylase (AHAr), which con-
sists of 453 amino acid residues (Mr 49,340), has been crys-
tallized and the three-dimensional X-ray structure solved
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and refined to 2.4 Å resolution. This structure has been
compared to the three-dimensional structure of wild-type
A. haloplanctis α-amylase (AHAwt) solved at 2.0 Å resolu-
tion (as described elsewhere [12]), as well as with the avail-
able structures of mammalian α-amylases and, when rele-
vant, with other mesophilic α-amylases. The psychrophilic
α-amylase is an excellent model enzyme for the purpose of
studying protein adaptation to cold on a molecular level
because, surprisingly, it is highly similar in terms of primary
structure (50–60% sequence identity) to mammalian α-amy-
lases (Figure 1), for which structural data at high resolution
are also available [15–18]. Furthermore, crystal structures of
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Figure 1
Sequence alignments of AHA (A.
haloplanctis), HSA (human salivary), HPA
(human pancreatic), PPA (porcine pancreatic)
and TMA (Tenebrio molitor larval) α-amylases,
calculated with the program CLUSTALW
[55]. Secondary structures of AHA, assigned
according to [53], are presented over the
alignment. Domain A is colored in blue,
domain B in green and domain C in red;
α helices are represented by an α, β strands
by β and 310 helices by η. Catalytic residues
are indicated by a blue asterisk, ligands to the
calcium ion by pink triangles, and ligands to
the chloride ion by blue triangles. Under the
sequence alignment the accessibility of each
residue is illustrated, the color code being:
dark blue, accessible; light blue, intermediate;
and white, buried. This representation was
made with the program
ESPript (http://www.ipbs.fr/ESPript).
        TT                                                    
        1        10        20        30        40            50       
AHA ........TPTTFV LFE N QDVAQE EQYLGPKGYAAVQVSPPNEHITGSQ....  TRYQPVSYELQ              H   W W      C                             WW           
HSA QYSSNTQQGRTSIV LFE R VDIALE ERYLAPKGFGGVQVSPPNENVAIHNPFRP  ERYQPVSYKLC              H   W W      C                             WW           
HPA QYSPNTQQGRTSIV LFE R VDIALE ERYLAPKGFGGVQVSPPNENVAIYNPFRP  ERYQPVSYKLC              H   W W      C                             WW           
PPA QYAPQTQSGRTSIV LFE R VDIALE ERYLGPKGFGGVQVSPPNENIVVTNPSRP  ERYQPVSYKLC              H   W W      C                             WW           
TMA QKDANFASGRNSIV LFE K NDIADE ERFLQPQGFGGVQISPPNEYLVADG..RP  ERYQPVSYIIN              H   W W      C                             WW           
 TT                                        TT     T..T                
 60        70        80        90           100           110         
AHA SRGGNRAQFIDMVNR SAAGVDIYVDTLIN MAAGSGTG....TAGNSFGN..KSFP..IYSPQDFHES.               C              H                                       
HSA TRSGNEDEFRNMVTR NNVGVRIYVDAVIN MCGNAVSAGTSSTCGSYFNPGSRDFPAVPYSGWDFNDGK               C              H                                       
HPA TRSGNEDEFRNMVTR NNVGVRIYVDAVIN MCGNAVSAGTSSTCGSYFNPGSRDFPAVPYSGWDFNDGK               C              H                                       
PPA TRSGNENEFRDMVTR NNVGVRIYVDAVIN MCGSGAAAGTGTTCGSYCNPGSREFPAVPYSAWDFNDGK               C              H                                       
TMA TRSGDESAFTDMTRR NDAGVRIYVDAVIN MTGMNGVG....TSGSSADHDGMNYPAVPYGSGDFHS..               C              H                                       
                      TT                                              
 120       130       140       150       160       170       180      
AHA ..CTINNSDYGNDRYRVQN ELVGLADLDTASNYVQNTIAAYINDLQAIGVKGFRFDASK VAASDIQSL                   C                                        H         
HSA CKTGSGDIENYNDATQVRD RLSGLLDLALGKDYVRSKIAEYMNHLIDIGVAGFRIDASK MWPGDIKAI                   C                                        H         
HPA CKTGSGDIENYNDATQVRD RLTGLLDLALEKDYVRSKIAEYMNHLIDIGVAGFRLDASK MWPGDIKAI                   C                                        H         
PPA CKTASGGIESYNDPYQVRD QLVGLLDLALEKDYVRSMIADYLNKLIDIGVAGFRIDASK MWPGDIKAV                   C                                        H         
TMA ....PCEVNNYQDADNVRN ELVGLRDLNQGSDYVRGVLIDYMNHMIDLGVAGFRVDAAK MSPGDLSVI                   C                                        H         
                                                                      
 190                  200       210       220       230          240  
AHA MAKVN...GSP........VVFQEVIDQGGEAVGASEYLSTGLVTEFKYSTELGNTFRNGS...LAWLSN                                                                      
HSA LDKLHNLNSNW.FPEGSKPFIYQEVIDLGGEPIKSSDYFGNGRVTEFKYGAKLGTVIRKWNGEKMSYLKN                                                                      
HPA LDKLHNLNSNW.FPAGSKPFIYQEVIDLGGEPIKSSDYFGNGRVTEFKYGAKLGTVIRKWNGEKMSYLKN                                                                      
PPA LDKLHNLNTNW.FPAGSRPFIFQEVIDLGGEAIQSSEYFGNGRVTEFKYGAKLGTVVRKWSGEKMSYLKN                                                                      
TMA FSGLKNLNTDYGFADGARPFIYQEVIDLGGEAISKNEYTGFGCVLEFQFGVSLGNAFQGGN..QLKNLAN                                                                      
                              TT                                 TT TT
     250       260        270       280       290       300       310 
AHA FGEG GFMPSSSAVVFVDN DNQRG.HGGAGNVITFEDGRLYDLANVFMLAYPYGYPKVMSSYDFHGDTD    W              H                                                  
HSA WGEG GFMPSDRALVFVDN DNQRGHGAGGASILTFWDARLYKMAVGFMLAHPYGFTRVMSSYRWPRYFE    W              H                                                  
HPA WGEG GFVPSDRALVFVDN DNQRGHGAGGASILTFWDARLYKMAVGFMLAHPYGFTRVMSSYRWPRQFQ    W              H                                                  
PPA WGEG GFMPSDRALVFVDN DNQRGHGAGGASILTFWDARLYKVAVGFMLAHPYGFTRVMSSYRWARNFV    W              H                                                  
TMA WGPE GLLEGLDAVVFVDN DNQR...TGGSQILTYKNPKPYKMAIAFMLAHPYGTTRIMSSFDFTDNDQ    W              H                                                  
              TT                                                      
          320       330               340       350       360       370
AHA AGGP....NVPVHNNGNLECFASN........WK E R SYIAGGVDFRNNTADNWAVTN WDNTNNQIS                                  C H W                     W         
HSA NGKDVNDWVGPPNDNGVTKEVTINPDTTCGNDWV E R RQIRNMVNFRN.VVDGQPFTN YDNGSNQVA                                  C H W                     W         
HPA NGNDVNDWVGPPNNNGVIKEVTINPDTTCGNDWV E R RQIRNMVIFRN.VVDGQPFTN YDNGSNQVA                                  C H W                     W         
PPA NGEDVNDWIGPPNNNGVIKEVTINADTTCGNDWV E R REIRNMVWFRN.VVDGEPFAN WDNGSNQVA                                  C H W                     W         
TMA ........GPPQDGSGNLISPGINDDNTCSNGYV E R RQVYGMVGFRN.AVEGTQVEN WSNDDNQIA                                  C H W                     W         
                                        TT            TT        TT ...
        380       390       400       410       420       430         
AHA FGRGSSGHMAINKEDSTLTATVQTDMASGQY NVLKGELSADAKS SGEVITVNSDGTINLNIGAWD...                               C             C                        
HSA FGRGNRGFIVFNNDDWTFSLTLQTGLPAGTY DVISGDKIN..GN TGIKIYVSDDGKAHFSISNSAEDP                               C             C                        
HPA FGRGNRGFIVFNNDDWSFSLTLQTGLPAGTY DVISGDKIN..GN TGIKIYVSDDGKAHFSISNSAEDP                               C             C                        
PPA FGRGNRGFIVFNNDDWQLSSTLQTGLPGGTY DVISGDKVG..NS TGIKVYVSSDGTAQFSISNSAEDP                               C             C                        
TMA FSRGSQGFVAFTNG.GDLNQNLNTGLPAGTY DVISGELSG..GS TGKSVTVGDNGSADISLGSAEDDG                               C             C                        
     TT                                                               
 440       450                                                        
AHA AMAI KNAKLNTSSASS                                                         H            
HSA FIAI AESKL.......                                                         H            
HPA FIAI AESKL.......                                                         H            
PPA FIAI AESKL.......                                                         H            
TMA VLAI VNAKL.......                                                         H            
βA α1 α2 βB η1 
α3 βC βD βE βF η2 
α4 α5 βG α6 βH η3 α7 
βI η4 βJ α8 η5 
η6 η7 βK η8 η9 α9 βL
βM βN η10 α10 βO βP
η11 βQ βR βS βT βU
βV
Structure
other mesophilic α-amylases, with which the sequence
identity is much less pronounced, are available in the
Brookhaven Protein Data Bank (PDB): those from Asper-
gillus oryzae (TAKA) [19,20], Aspergillus niger (Acid) [21,22],
barley seeds (AMY2) [23], and the thermostable Bacillus
licheniformis (BLA) [24]. The entire and calcium-containing
structure of BLA has now been solved and recently pub-
lished [25], but as only the calcium-depleted structure is
available in the PDB, comparative studies with this enzyme
are based on this latter structure. It is noteworthy that the
overall homology within α-amylases is weak — generally
only around 15% [17].
The overall fold of A. haloplanctis α-amylase is very
similar to those reported for mesophilic α-amylases. Three
characteristic domains as well as ion-binding sites are
found: domain A (residues 1–86 and 147–356); the central
N-terminal domain with a (β/α)8-barrel fold; a minor
domain B (residues 87–146, an insertion between α3 andβ3) that protrudes from domain A and comprises a loop
structure, short β strands and a short α helix; and the
C-terminal domain C (residues 357–453, with the last
five residues, 449–453, not visible in the electron density
in AHAwt as well as in AHAr) consisting of eight β strands
that form a Greek-key motif (the number of β strands in
other α-amylases varies from five in barley to ten in
human salivary). The largest variations in primary struc-
tures between these enzymes from different species have
been found in domain C [26,27] and domain B [28], but
it should also be mentioned that, throughout the α-amy-
lase family, only eight residues are invariant in the (β/α)8
barrel [29]. These include seven residues at the active
site and a structurally important glycine. As in the mam-
malian α-amylases, binding sites for calcium and chloride
ions (the latter previously believed to be specific for ver-
tebrate salivary and pancreatic α-amylases [17]) have been
located in the structure of AHA [12].
Wild-type and recombinant psychrophilic a-amylases
The Cα backbone of native AHAwt superimposes almost
perfectly with AHAr, with a root mean square deviation
(rmsd) of 0.27 Å based on 393 Cα atoms. As in the case of
AHA, the five C-terminal residues of AHAr are not visible
in the electron-density map, but the sidechain of Glu188,
which did not show any electron density in AHAwt [12], is
clearly visible in the electron density of the recombinant
enzyme. In addition, minor differences, such as sidechain
residues of AHAr pointing in a different direction from
their analogs in AHAwt have been found in a few cases,
but none of them seems to be of crucial importance. 
At first sight, the only significant difference is found in a
loop region spanning residues 268–273 (Figures 2a and 2b).
This loop, which has a high functional importance, is in the
vicinity of the active site, starting four residues after the cat-
alytic Asp264. In fact, residues 268–269 are not visible in
the 2Fo–Fc electron density of AHAr, but the segment
270–273 indicates that a different pathway is taken in com-
parison to that of AHAwt. This is probably due, in part, to
the fact that in AHAwt Gly273 is involved in an intermolec-
ular hydrogen bond that is not present in AHAr (see Table
1). Another striking difference appears in the active site,
which is constituted primarily of the three catalytic residues
Asp174, Glu200 and Asp264. Whereas the latter points
towards the active site in AHAwt [12], it points away from
the active site in AHAr, thus resembling the situation
found in porcine pancreas α-amylase (PPA) [15] as seen in
Figure 2b. When superimposed, a distance of 1.46 Å is
found between the Cγ atoms of Asp264 in AHAwt and the
same asparagine in AHAr. When distances between Cγ
atoms of Asp264 in the psychrophilic structures and Cγ
of the homolog Asp300 in PPA are considered, values of
1.79 Å (AHAwt/PPA) and 0.38 Å (AHAr/PPA) are observed.
For comparison, the distance between the same atoms in
AHAwt and human salivary α-amylase (HSA)/human pan-
creatic α-amylase (HPA) are 0.21 Å/0.15 Å. The rmsd
between the three Cα atoms of the catalytic residues of the
two psychrophilic α-amylases is 0.12 Å. The corresponding
value between AHAwt and PPA is 0.10 Å, and it is 0.08 Å
between AHAr and PPA. This difference in orientation of
Asp264/300 could be a consequence of differences in the
pH of the crystallization medium. AHAwt crystallizes at
pH 7.0 [30], AHAr at pH 7.5 and PPA at pH 8.0. The first
crystals of AHAwt to be grown were found to have Tris
buffer bound in the active site, and this could only be
avoided when the protein was re-purified in the absence of
Tris [12]. The Tris-buffer molecule is not present in the
active site of AHAr, even though the crystals were grown in
the presence of Tris, which comes from the purification
process as described in [31]. Just as the difference in orien-
tation of Asp264/300 is believed to be a function of pH, so
the absence of Tris in the three-dimensional structure of
AHAr is thought to have the same basis. One should also
notice that the PPA crystals were grown in the presence of
Tris buffer, but no Tris molecule was found in the active
site, nor elsewhere in this structure. As shown in the struc-
ture of AHAwt complexed with Tris, this compound appears
to be an ideal molecule for interactions with all of the three
essential catalytic residues. Binding is therefore most proba-
bly related to the ionization state of the active-site residues
and the Tris molecule at the pH of crystallization.
Differences due to crystal packing
The fact that this psychrophilic α-amylase has been crys-
tallized in two different crystal forms allows us to avoid
misinterpretations that are due to differences in crystal
packing between the different molecular networks in our
detailed comparison with mesophilic α-amylases. Table 1
shows the charged residues involved in intermolecular
interactions for each of the α-amylases. We see here that
residues performing intermolecular interactions in AHAwt
do not perform the same interactions in AHAr. But even
Research Article  Cold adaptation of a-amylase  Aghajari et al. 1505
though these interactions differ within the two psy-
chrophilic molecules, it is evident that the number of
intermolecular interactions is very low in both cases when
compared to the mammalian α-amylases. This can explain
the difficulties in the crystallization process of the psy-
chrophilic enzyme (see Materials and methods section).
Few differences concerning intramolecular contacts were
observed between the two AHA structures, with the excep-
tion of the number of hydrogen bonds formed per arginine
residue (see below).
Comparison of psychrophilic and mesophilic a-amylases:
structural factors important for cold adaptation
When the three-dimensional structures of mammalian
α-amylases are superimposed on AHAwt (Figure 2a), the
rmsd values are: 0.48 Å for PPA, based on 303 Cα atoms;
0.50 Å for HPA, based on 283 Cα atoms; and 0.56 Å for
HSA, based on 316 Cα atoms. The corresponding values for
superimposition on AHAr, are: 0.51 Å for PPA, based on
305 Cα atoms; 0.56 Å for HPA, based on 305 Cα atoms and
0.56 Å based on 297 Cα atoms. All these values reflect a
high similarity in terms of tertiary structure.
Crystallographic temperature factors
The crystallographic temperature factors (B factors) reflect,
to a certain extent, the flexibility or disorder of the structure
in a given region. However, the values of these thermal
parameters should be regarded with caution, as they can be
very dependent on the mode of refinement (over-refine-
ment can give artificially low temperature factors). The
degree of resolution determines whether it makes sense to
assign a B factor to every single atom or to every sidechain
residue, or whether one should give each residue a constant
value and avoid refinement of the B factors. One should
also notice that an overall B factor can not be taken as being
characteristic of a particular protein, as it also depends on
the molecular packing in the crystal. A comparison between
the mesophilic and psychrophilic structures in terms of
1506 Structure 1998, Vol 6 No 12
Figure 2
Superimposition of the structures of
psychrophilic and mesophilic α-amylases.
(a) Stereoview of the superimposition of Cα
backbones of recombinant A. haloplanctis
α-amylase (AHAr, in yellow) on human
pancreatic α-amylase (HPA, in blue) and on
wild-type A. haloplanctis α-amylase (AHAwt, in
red). The red sphere represents the calcium
ion, and the green sphere the chloride ion.
The flexible loop region is situated at the right
side of this representation at the level of the
chloride ion. Notice that there is a break in the
polypeptide chain in this loop region of AHAr
as a result of missing electron density for
residues 268 and 269. (b) Close-up view of
the superimposition of the mobile loop region,
loop 268–273 (304–310, mammalian
α amylase [MAA] numbering) and the active-
site residues Asp174, Glu200 and Asp264
(Asp197, Glu233 and Asp300, MAA
numbering). Color codes are: AHAwt, yellow;
AHAr, purple; PPA, blue; HPA, pink; and
HSA, green.
B factors cannot therefore be taken as a precise index of
greater or lesser flexibility. However, the fact that two dif-
ferent crystal forms of the psychrophilic enzyme are avail-
able, and that these sets of data have been collected at the
same temperature, gives us the opportunity of avoiding
misinterpretations merely due to differences in the crystal
packing within different crystal forms. As we outlined pre-
viously [12], the average B factor of AHAwt was found to be
18.9 Å2; in the structure of AHAr this value is 19.6 Å2. The
ascertained overall B factors for the studied mammalian
α-amylases (henceforward referred to as MAA) are 13.8 Å2
for PPA, 21.5 Å2 for HPA and 24.3 Å2 for HSA, indicating
that no crucial difference is found between the crystallo-
graphic temperature factors for the given systems, with the
exception of the porcine enzyme, for which the average
B factor is rather low. The fact that the temperature factors
for the human α-amylases are slightly higher than those
determined for the psychrophilic enzymes suggests that
AHA (psychrophilic AHAwt and AHAr) is not necessarily
more flexible than mesophilic counterparts and/or that flex-
ibility should not be measured in terms of crystallographic
temperature factors.
Accessible surface area
A lowered solvent-accessible surface:volume ratio has
been suggested to be a possible determinant in the adap-
tation of enzymes to high temperatures, as observed in the
structure determination and subsequent analysis of the
aldehyde ferredoxin oxidoreductase from Pyrococcus furio-
sus [32]. The accessible surface areas for the psychrophilic
α-amylases compared to the mesophilic do not show strik-
ing differences. In fact, these values are quite close to each
other if the size of the molecules is taken into account. For
the psychrophilic α-amylases, values of 16,558 Å2 (AHAwt)
and 16,818 Å2 (AHAr) were found. With regards to the
MAA, the following values are found: HPA, 17,931 Å2;
HSA, 17,825 Å2; and PPA, 17,627 Å2. When considering
the extra loops in MAA, it is thus not surprising that the
accessible surface area of the mammalian enzymes are
slightly higher. Finally, the accessible surface area for the
other available α-amylase structures have been calculated;
BLA is the most interesting of those because it is ther-
mostable. Accessible surface areas for these α-amylases are:
BLA, 17,945 Å2; AMY2, 15,104 Å2; Acid-amylase, 16,713 Å2;
and TAKA, 16,903 Å2. Again, these results confirm that
the values associated with the mesophilic structures are
nearly the same as those for the psychrophilic α-amylase
structures. What differs between the respective surfaces is
the nature of the amino acid residues. As mentioned later
in this paper, the number of charged residues on the sur-
faces increases from AHA to HPA (which is a good repre-
sentative of the MAA), and again from HPA to BLA.
Hydrophobicity
It is a generally accepted concept that hydrophobic inter-
actions contribute to the thermostability of proteins. The
percentage of hydrophobic amino acid residues (including
alanine, valine, isoleucine, leucine, phenylalanine, proline
and methionine) in each enzyme is 34% in AHA, 35% in
HPA, 34% in HSA and 34% in PPA. When comparing the
crystal structures, no striking differences in the clustering of
hydrophobic residues appear in general. It can be observed
that, of the hydrophobic residues in MAA, 24 residues have
been replaced by nonhydrophobic residues on average in
AHA and that, on the other hand, 22 nonhydrophobic
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Table 1
Charged residues involved in intermolecular interactions in




Arg80 Nε–Tyr276 OH #1 3.29
Arg343 Nη2–Asp135 Oδ1 #2 3.05
Arg343 Nη1–Asp135 Oδ2 #2 2.61
Lys172 Nζ–Asp381 Oδ1 #3 3.00
Lys273 Nζ–Glu76 Oε1 #1 3.06
Asp181 Oδ1–Asn355 Nδ2 #2 2.99
Glu149 Oε1–Gln404 Nε2 #1 3.04
HPA
Arg80 Nη1–Gly249 O #3 2.84
Arg80 Nη2–PyrGlu1 Oε1 #3 2.86
Arg291 Nη2–Asp188 Oδ2 #2 2.88
Arg291 Nε–Asp188 Oδ2 #2 2.69
Arg389 Nη1–Asn53 Oδ1 #1 2.83
Arg389 Nη2–Asn53 Oδ1 #1 3.13
Asp246 Oδ1–Ser219 OG #2 2.27
Asp290 Oδ1–His215 Nε2 #2 2.61
Asp 290 Oδ2–His215 Nε2 #2 3.25
HSA
Arg80 Nη1–Gly249 O #2 2.71
Arg80 Nη2–PyrGlu1 Oε1 #2 3.28
Arg291 Nη2–Asp188 Oδ2 #2 2.72
Arg291 Nη2–Asp188 Oδ2 #2 2.63
Arg389 Nη1–Asn53 Oδ1 #1 3.01
Arg389 Nη2–Asn53 Oδ1 #1 3.02
Lys35 Nζ–Glu349 Oε2 #2 2.98
Lys35 Nζ–Glu349 Oε1 #2 3.00
Lys227 Nζ–Glu76 Oε1 #1 2.65
Lys227 Nζ–Glu76 Oε2 #1 3.28
Lys278 Nζ–Glu369 Oε2 #1 3.65
Lys466 Nζ–Asn362 O #2 2.93
Asp246 Oδ1–Ser219 Oγ #2 2.84
Asp290 Oδ1–His215 Nε2 #2 2.53
Asp290 Oδ2–His215 Nε2 #2 3.17
Asp363 Oδ1–Tyr468 OH #3 3.47
AHAwt
Arg64 Nη2–Ser125 Oγ #2 3.67
Asp115 Oδ1–Gly273 N #1 2.87
Asp162 Oδ1–Ser125 N #2 3.00
AHAr
Lys224 Nζ–Gln400 Oε1 #2 3.24
The mammalian α-amylases are PPA, porcine pancreas [15],
HPA, human pancreas [17] and HSA, human salivary [18].
Symmetry-related molecules are indicated as #N. Interactions are
within a distance of 3.7 Å.
residues in MAA have been changed to hydrophobic
residues in AHA. However, 41% of the residues that have
been substituted by hydrophobic residues in AHA are
directly exposed to the solvent, which is non-energetically
favorable, whereas, in MAA, only 8% of the hydrophobic
residues concerned in this latter category are accessible to
the surface. This indeed contributes to a lower stability of
the psychrophilic enzyme.
Loop regions
When looking at the overall three-dimensional structures
of the different α-amylases, the most obvious differences
between mammalian and psychrophilic α-amylases seem to
be the number and the character of loops (see Figure 2a). In
the following, unless otherwise stated, MAA numbering is
used for loop residues. Eleven loop regions differ between
the psychrophiles and the mammalian mesophiles when
comparing the overall structures. Inspection of the primary
structures (Figure 1) suggests that loop 10 (410–414, AHA
numbering) might be a consequence of deletions in the
primary structure of MAA compared to AHA, whereas, from
a structural point of view, six of these eleven differences are
probably entirely due to deletions in AHA.
Loops in domain A
A majority of the loop differences resulting from deletions
in AHA are situated in domain A. Of these, loop 1 (50–56),
loop 4 (216–227) and loop 5 (268–272) are missing from
the psychrophilic structure. This does not seem to be cor-
related with cold adaptation. Loop 6, residues 304–310
(268–273 AHA numbering), is of considerable interest for
the specificity of this α-amylase, as it is situated in the
vicinity of the active site (Figure 2b). Residues 304–309 are
strictly conserved between AHA and MAA, but residue 310
(273 in AHA) is a glycine in AHA, a serine in PPA and an
alanine in the two human α-amylases. It seems clear that
this loop is very important for the recognition of substrates,
as it is known to undergo an important movement upon
substrate or inhibitor binding in the known three-dimen-
sional structures of α-amylases complexed with inhibitors
[33,34] (NA, M Roth & RH, unpublished results). The
native structures of the human α-amylases have also shown
an increased flexibility in these regions [17,18]. Figure 2b
shows that among native α-amylase structures this loop
region displays different conformations and, as discussed
above, it is the only region where a difference is observed
between the backbones of AHAwt and AHAr. This zone,
with the exception of the residue corresponding to 304 in
MAA, is deleted from the fungal α-amylases [17]. In the
case of AMY2 [23] a loop actually is present, but it starts
earlier in this structure (at Gly291, AMY2 numbering) and
it clearly takes a different pathway from MAA, AHAr and
AHAwt. The region starting at residue 346 and ending at
residue 381 forms a series of consecutive loops (see the
right side on the surface of the (β/α)8 barrel in Figure 2a).
Residues implicated are 346–355, 361–368 and 371–381,
corresponding to loops 7, 8 and 9. This zone is very
special in that the expected correspondences predicted by
sequence alignments (Figure 1) do not correspond to the
actual situation in the three-dimensional structure. Loop 7
in MAA is no longer a loop in AHA; it is 10 residues long
in PPA and corresponds to the segment Gly309–Asp310 in
AHA. Comparative studies between PPA and HPA [17]
showed that this loop displays different conformations in
these two structures. Interestingly, three residues (marked
with a green asterisk in Figure 1) in this region are non-
conserved within all three mammalian α-amylases and the
psychrophilic one. This might indicate that this region
plays an important role in specificity for the substrates of
the respective α-amylases, a suggestion that fits very well
with the fact that this loop region is situated ‘behind’
loop 6 in the three-dimensional structure, where it might
act as a ‘first selection’ of an incoming substrate. Loop 8 is
reduced in AHA as well, where it corresponds to residues
316–318; thus a shift is observed with respect to the
sequence alignment. Pro316 of AHA, which is aligned
with Asp353 of MAA (Figure 1), in fact superimposes with
Pro361 of MAA in the three-dimensional structure. Four
deletions follow Pro316 in comparison to MAA and, from
this point, the structures of AHA and MAA (which includes
loop 9, residues 371–381) take different pathways until they
end at the conserved residue Asn332 of AHA, which corre-
sponds to Asn381 in MAA. One should notice that this
area contains a disulfide bridge: Cys378–Cys384 (Cys328–
Cys335, AHA numbering), and it seems possible that even
larger conformational differences in this region between
MAA and AHA are avoided as a consequence of this disul-
fide bridge. It seems clear that this large zone (loops 7–9,
MAA) described above plays a central role in the function
and specificity of each α-amylase and, furthermore, it indi-
cates that one should be careful when drawing conclusions
based solely on sequence alignments.
Loops in domain B
In domain B, which is the least structured part of the
entire molecule, two differences have been found in the
loop regions. Loop 2, which consists of residues 105–112,
is in the vicinity of the ‘extra’ disulfide bridge in MAA
when compared to AHA (see the next section and Figure 3)
and might therefore be more flexible in AHA than in
MAA. Residues 138–146, which form loop 3, are situated
on the surface in domain B. This region is partly deleted
in the primary structure of AHA, corresponding to residues
118–120. Despite these differences, domain B in psy-
chrophilic α-amylase displays a remarkable similarity to
domain B in MAA in terms of folding.
Loops in domain C
Finally, two loop regions differing between AHA and
MAA are found in domain C. Loop 10 (410–414, AHA
numbering) is two residues longer than the corresponding
MAA loop. It is located next to the C terminus, which is
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six residues longer in the psychrophilic enzyme. Given
that the last five of these residues display no electron
density in either AHAwt or AHAr, however, it is difficult to
argue that loop 10 plays a role in the stability of the C-ter-
minal end, tempting as it may seem. It should be noted
that conformational differences in this region have also
been found between HPA and PPA [17]. As the last five
C-terminal residues of AHA are probably disordered in
the solvent, this could be a potential site for initiation of
unfolding. The N terminus of the psychrophilic enzyme
is partially exposed to the solvent as well. The last differ-
ence occurs in loop 11 (comprising residues 480–486),
and seems to be a consequence of a deletion in the
primary structure of AHA. Interactions are present in
MAA between these residues and domain A residues; in
fact, three carbonyl oxygens (O 481, O 483 and O 484)
from this loop region are involved in strong hydrogen-
bonding interactions with Arg319 protruding from helix α7
(at the N terminus of this helix) in domain A. In the case
of the two psychrophilic structures, the corresponding
Arg282 only makes one hydrogen bond with the carbonyl
oxygen of Trp436 (equivalent to Pro486 in MAA), indicat-
ing that domain C in the psychrophiles is more loosely
associated to domain A. This is a feature that may indeed
contribute to a higher overall structural flexibility of AHA
in comparison to MAA.
Ion-binding sites: the calcium and chloride activator ions
Calcium is essential for maintaining the α-amylase tertiary
structure and for ensuring optimal catalytic activity. As in
the other known structures, a conserved structural calcium
ion is bound between domains A and B. Earlier studies of
AHA’s affinity for calcium have shown a lower affinity for
this ion in comparison to PPA [9], reflected by a 104-fold
higher dissociation constant. Comparison of the structural
binding mode of calcium in the wild-type, as well as in the
recombinant enzyme, with that in the mammalian α-amy-
lases does not explain the reduced affinity for calcium of
AHA (Table 2). The ligands binding the calcium ion are
exactly the same as in the mesophilic α-amylases, with the
exception of Gln135, which replaces Arg158 in MAA, but
the ligand in each case is the carbonyl oxygen. Binding
distances and ligating residues are given in Table 2. The
B factors of the calcium ions are 20.3 Å2 in AHAwt, 23.2 Å2
in AHAr, 8.4 Å2 in PPA, 31.0 Å2 in HPA and 22.2 Å2 in
HSA. This clearly shows that the calcium ion in the psy-
chrophilic enzyme does not seem to be more loosely held,
as judged from the temperature factors; PPA, which dis-
plays particularly low temperature factors in general, is
again the exception. Other mesophilic α-amylase struc-
tures that are available display more than one calcium ion:
two have been located in TAKA and Acid-amylase, three
in AMY2, and in the latest published structure of BLA
the authors report that two calcium ions flank a sodium
ion in the conserved calcium-binding site [20–23,25]. The
B factors found for these calcium ions are within the range
described for AHAs and MAA, with the exception of the
second calcium ion in Acid amylase, to which a B value of
60.3 Å2 has been attributed; one may conclude that the
latter calcium site is not fully occupied.
In the absence of chloride, AHA and other chloride-depen-
dent α-amylases lose their activity. Thus, chloride acts as an
activator, and when compared to PPA the affinity of AHA
for chloride is lower, reflected by a 10–20 times higher Kd
for the psychrophilic enzyme [9]. This reduced affinity can
be explained from the structural and functional studies
[12,35] — an arginine in the mesophilic enzyme is replaced
by a lysine in the psychrophilic AHA. In MAA, arginine
ligates the chloride ion in a bidentate mode with its guani-
dinium group, whereas in AHA the corresponding lysine
performs only unidentate ligation. This arginine/lysine sub-
stitution seems specific to microbial α-amylases: a lysine is
also found in the putative chloride-binding site of α-amylase
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Figure 3
Overall structure of psychrophilic AHA with residues (Gln58 and
Ala99) that replace the cysteines involved in the disulfide bridge
between domains A and B in MAA highlighted (in the upper right part
of the figure). Domain A is colored in cyan, domain B in pink and
domain C in blue. The active site with the three catalytic amino acids is
shown, as are the calcium ion (yellow sphere) and chloride ion (green
sphere). This figure was generated using the program
MOLSCRIPT [56].
Structure
from the moderate thermophile Thermomonospora curvata.
The role of chloride in catalysis by AHA has been discussed
in detail elsewhere [35,12].
The nature of the chloride-ion ligands and their binding
distances to the chloride are given in Table 2. The tem-
perature factors of the chloride ions are 16.6 Å2 in AHAwt,
23.2 Å2 in AHAr, 6.9 Å2 in PPA, 20.7 Å2 in HPA and 20.5 Å2
in HSA. Therefore, as for the calcium ion, no significant
differences are observed, again with the exception of PPA
(cf. the discussion of the calcium-binding site). However,
it is noteworthy that the B factor of the chloride ion
increases by more than 6 Å2 from AHAwt to AHAr. This
can be explained by weaker interactions in AHAr between
the chloride ion and its ligands and especially by the weaker
bond between Asn262 and the chloride, as seen in Table 2.
Other mesophilic α-amylases for which the three-dimen-
sional structure is known do not bind chloride, with the
exception of the recently determined insect α-amylase
from Tenebrio molitor [36].
Disulfide bridges
Disulfide bridges have in some cases been shown to
enhance protein stability and thermostability (see e.g. [37]
and references therein), in that they render the structure
less susceptible to conformational changes. The mam-
malian α-amylases display five disulfide bridges, whereas
AHA contains only four. The disulfide bridge Cys70–
Cys115 (MAA numbering), which is absent from AHA,
links domains A and B, and its absence in AHA therefore
provides an increased possibility of a higher conformational
freedom in the vicinity of the AHA active site (Figure 3).
The disulfide bridge Cys70–Cys115 is specific to mam-
malian chloride-dependent α-amylases, but is lacking
from all ectothermic species (insects, invertebrates or
microorganisms [38]) for which the physiological tempera-
ture is well below 37°C. Thus, it is not surprising that
psychrophilic α-amylases also lack this bond. It is true that
the mesophilic α-amylases — TAKA [19,20], Acid [21,22],
AMY2 [23] and BLA [24,25] — also lack this disulfide
bridge, but one should note that these mesophiles all
display more than one calcium ion in the structure, thus
reinforcing the rigidity of the structure, at least in the cases
of AMY2 and BLA where two calcium ions (and a sodium
ion in the latter) are strongly bound to domain B. The
remaining disulfide bridges are conserved between AHA
and MAA [12].
Charge-mediated interactions
As seen in Table 3, the variation in number of charged
residues increases from psychrophiles to mesophiles and
again from the mesophiles to the thermostable BLA (AHA:
16.2%, PPA: 20.5%, HPA: 20.7%, HSA: 21.3% and BLA:
23.3%). Examination of the surfaces of the psychrophilic
AHA, the mesophilic HPA and the mesophilic but ther-
mostable BLA, immediately shows a very striking differ-
ence in charged amino acids on the respective surfaces
(Figure 4). The number of charged amino acids on the
surface increases with thermostability. In contrast, the
number of intramolecular salt bridges in the psychrophilic
structure do not differ markedly from those found in the
MAA (with the exception of HSA), as seen in Table 4,
which displays the nature and number of intramolecular
salt bridges in the psychrophilic and mammalian struc-
tures. With regard to intermolecular salt bridges, the
comparative studies performed (Table 1) indeed show a
clear tendency towards an increased number of intermol-
ecular salt bridges in the structures of MAA as compared
to the psychrophiles. Remarkably, in comparison to MAA,
both the AHAwt and AHAr structures are characterized by
very few intermolecular interactions mediated by charged
residues. It seems clear that a reduced number of charge
intermolecular interactions involving charged residues con-
tribute to an increased flexibility of the structure, as the
structure is less stabilized.
Arginines
Arginine is well known as a stabilizing residue because it
is the only amino acid that is capable of forming five
hydrogen bonds with the three nitrogen atoms of the
planar guanidinium group, as well as two salt bridges with
acidic groups. AHA has the lowest arginine content of all
the chloride-dependent α-amylases (13 in AHA and 28 in
each of the mammalian α-amylases; Table 3). The major-
ity of the arginine residues present in MAA but absent
from AHA are found in domain A. The number of hydro-
gen bonds formed per arginine seems to be very dependent
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Table 2
Calcium- and chloride-binding sites in psychrophilic 
(wild-type and recombinant) and mammalian a-amylases.
AHAwt AHAr PPA HPA HSA
Distance (Å) between 
Cl– and
Arg172 NE 3.36 3.40 4.18 3.32 3.20
Arg172 NH2 3.42 3.48 3.16 3.47 3.15
Asn262 ND2 3.33 4.01 3.35 3.25 3.31
Lys300 NZ/ 3.26 3.05 3.26/ 3.35/ 3.37/
Arg337 NH1/NH2 3.38 3.15 3.26
Wat1003 3.26 3.48 3.22 3.32 3.28
Distance (Å) between 
Ca2+ and
Asn88 OD1 2.45 2.41 2.19 2.31 2.30
Asp144 OD1 2.57 2.46 2.61 2.48 2.43
Asp144 OD2 2.56 2.48 2.49 2.58 2.49
Gln135 O 2.69 2.68 2.24 2.50 2.56
His178 O 2.40 2.46 2.19 2.41 2.45
Wat 1091 2.45 2.44 2.36 2.45 2.56
Wat 1107 2.66 2.34 2.53 2.65 2.44
Wat 1108 2.52 2.57 2.44 2.49 2.65
The mammalian α-amylases are PPA, porcine pancreas [15], HPA,
human pancreas [17] and HSA, human salivary [18]. Corresponding
ligands are outlined in the same row, and numbering is for AHA.
on the crystal form. In a comparison of the two psychro-
philic structures, the number of hydrogen bonds per argi-
nine varies from one crystal form to the other; the same
arginine that makes five bonds in one form does not nec-
essarily establish five bonds in the other crystal form.
Other factors are the number and position of water mol-
ecules, which also differ within each crystal form and are
dependent on the resolution of the three-dimensional
structure. It therefore does not make sense to compile sta-
tistics of the number of hydrogen bonds formed per argi-
nine in psychrophiles in comparison to mesophiles. Nev-
ertheless, the reduced arginine content seems to be of
crucial importance for the low stability of the psychro-
philic enzyme, and here it should be noticed that for one
third of the replacements of arginine from MAA to AHA,
an amide (asparagine or glutamine) is found.
Prolines
In AHA the number of prolines (13) is drastically reduced
in comparison to the mesophilic counterparts, and is the
lowest found in all α-amylases sequenced so far (21 in
PPA, 23 in HPA and 22 in HSA; Table 3). The percentage
of prolines is 2.9% in AHA, 4.2% in PPA, 4.4% in HSA and
4.6% in HPA. The sidechain of the proline residue is
unique in that it is bonded covalently to the nitrogen atom
of the peptide group. This feature imposes constraints on
the rotation about the N–Cα bond of the backbone, and
thus the rigid nature of this imino acid reduces the flexibil-
ity of its environments. The proline residues lacking from
AHA are either deleted or substituted by small residues
such as alanines (these substitutions/deletions occur pref-
erentially within loops and turns connecting secondary
structures in the three domains). The remaining proline
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Table 3 
Proportion of each amino acid residue in the respective a-amylases.
Residue AHA PPA HPA HSA AMY2 TAKA ACID BLA
Asp 6.2 6.5 6.9 7.1 8.9 8.8 8.6 7.7
Glu 4.2 4.4 3.8 4.0 4.2 2.5 3.4 5.2
Arg 2.9 5.6 5.6 5.6 4.2 2.1 2.1 4.6
Lys 2.9 4.0 4.4 4.6 6.0 4.2 2.5 5.8
His 2.6 1.8 2.2 2.4 3.7 1.5 1.5 5.0
Asn 9.3 7.5 8.5 8.3 3.8 5.5 5.3 5.2
Gln 4.2 2.8 2.6 2.2 3.0 4.0 2.5 4.1
Trp 2.6 3.8 3.4 3.4 3.8 2.1 2.3 3.5
Tyr 4.2 3.8 4.2 4.2 3.7 7.1 7.1 6.2
Phe 4.4 4.8 5.2 5.2 4.2 2.9 2.9 4.1
Ser 8.8 7.1 6.5 6.7 3.2 7.1 11.1 5.4
Thr 6.0 4.4 4.2 4.4 4.2 8.4 7.8 5.6
Cys 1.8 2.4 2.2 2.2 0.7 1.9 1.9 0.0
Met 2.0 1.8 1.8 2.0 1.5 1.9 1.7 1.5
Pro 2.9 4.2 4.6 4.4 4.7 4.4 4.0 3.1
Gly 9.9 10.7 10.1 10.3 11.4 8.8 8.0 9.3
Ala 8.8 6.0 5.4 5.2 8.7 7.8 7.4 7.2
Val 7.8 8.5 7.3 7.1 6.2 6.1 6.3 6.6
Ile 4.2 4.8 5.6 5.4 6.5 5.9 6.1 4.1
Leu 5.1 4.8 5.0 4.8 6.9 6.9 7.6 5.8
Figure 4
A representation of charges at the surfaces of
(a) AHA, (b) HPA and (c) BLA, displayed at
the same potential range. Color codes are:
red, aspartic and glutamic acids; blue, lysines
and arginines. This figure was generated with
the program GRASP [57].
residues in AHA are predominantly found in domain A.
Only two prolines have been found in domain B, and
domain C does not contain any at all, but three prolines are
present in domain C of MAA. The number of proline
residues present in domain B of MAA are four in PPA and
three in the two human α-amylases. The role of this imino
acid in the thermostability of Bacillus cereus oligo-1,6-glu-
cosidase has been investigated by Watanabe and cowork-
ers [39,40]. Interestingly, this enzyme displays the same
overall fold as the α-amylases. The authors concluded that
an additive gain in thermostability was obtained when
substitution by proline occurred at appropriate positions in
β turns or α helices, rather than in loop regions. The
distribution of prolines in psychrophilic and mammalian
α-amylases shows that these residues are found predomi-
nantly in loop regions in psychrophiles, and to a higher
extent in the secondary structures or extremities of loop
regions in the mammalian enzymes. This observation sug-
gests that the prolines have an important role in the heat
lability of AHA. It should be noted that in total only nine
proline residues are conserved between the three-dimen-
sional structures of AHAwt/AHAr and MAA. The drastic
reduction in number, as well as the total absence of
proline residues from domain C, could very well have a
strong influence on cold adaptation.
Glycines
A glycine residue is thought to contribute to the flexibility
of a structure as a result of the absence of a sidechain,
which might be why glycine residues often are found in
loop regions. One might therefore expect an increased
number of glycines in psychrophiles in comparison to
mesophiles. However, there are no significant differences
in the number of glycines in AHA and MAA, nor in the
distribution of this amino acid in the respective structures.
Aromatic interactions
Weakly polar interactions mediated by aromatic residues
[41] are surprisingly well conserved in AHA and MAA,
demonstrating that they are essential in α-amylase confor-
mation. One should note, however, that amino–aromatic
interactions involving the arginine sidechain and the δ– Π
electron cloud of aromatic rings are reduced in the psy-
chrophilic enzyme. This number was reported to be 20 in
PPA [9], and in the structures of psychrophilic AHAs this
number is reduced by 50%. It is noteworthy that among
these ten amino–aromatic interactions, Arg267 alone is
involved in four such interactions.
Hydrogen bonds
Despite a relatively weak individual effect of a hydrogen
bond on protein stability, the large number of this type of
interactions in a protein structure results in a net contri-
bution that makes them a predominant contributing factor
to the folded-state conformation [42]. The number of hydro-
gen bonds in the respective three-dimensional structures
do not seem strikingly different from psychrophiles to
mesophiles. One should keep in mind when analyzing these
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Table 4
Intramolecular salt bridges in psychrophilic (wild-type and
recombinant) and mammalian a-amylases.
Interacting residues AHAwt AHAr PPA HPA HSA
10–60 E–R(S) E–R(S) – –
10–49(18–61) E–R(I) E–R(I) E–R(I) E–R(I) E–R(I)
(20–23) – – R–D(S) R–D(S) R–D(S)
(176–206) – – R–D(S) R–D(S) R–D(S)
19–337 (27–386) E–H(I) E–H(I) E–R(I) E–R(I) E–R(I)
19–338 (27–387) E–R(I) E–R(I) E–R(I) E–R(I) E–R(I)
19–321 (27–30) E–H(I) E–H(I) E–R(I) E–R(I) E–R(I)
21–73 (29–85) E–R(S) E–R(S) E–R(S) E–R(S) E–R(S)
27–408 K–E(S) (K–E, – – –
3.55 Å; S)
(56–60) – – R–E(I) R–E(I) R–E(I)
64–162 (76–185) – R–D(S) – E–H(S) E–H(S)
(76–80) – – E–R(S) E–R(S) E–R(S)
69–73 (81–85) D–R(S) D–R(S) D–R(S) – –
84–172 (96–195) D–R(I) D–R(I) D–R(I) D–R(I) D–R(I)
(124–138) – – R–D(S) R–D(S) R–D(S)
(135–172) – – D–K(I) D–K(I) D–K(I)
117–144 H–D(I) H–D(I) – – –
117–146 (H–D, H-D(S) – – –
3.46 Å; S)
(140–159) – – – – K–D(S)
(140–171) – – K–E(S) –
(142–153) – – – – K–D(S)
(147–161) – – – D–R(S) D–R(S)
126–133 D–R(S) D–R(S) – – –
131–213 R–E(S) R–E(S) – – –
(158–246) – – R–E(I) – –
(173–213) – – D–K(S) D–K(S) D–K(S)
(178–181) – – K–E(S) K–E(S)
(188–215) – – D–H(S) D–H(S) D–H(S)
172–174 (195–197) R–D(I) R–D(I) R–D(I) R–D(I) R–D(I)
172–200 (195–233) (–; I) R–E(I) (–; I) (–; I) R–E(I)
(208–212) – – K–D(S) K–D(S) K–D(S)
(227–1) – – – –
K–PyrG(S)
(236–243) – – – – D–K(I)
177–207 (200–240) K–E(S) K–E(S) – K–E(S) K–E(S)
(261–272) – – – – K–E
234–280 R–D(S) R–D(S) (–; S) (–; S) (–; S)
(299–300) (–; I) – – – H–D(I)
(305–356) – – H–D(S) H–D(S) H–D(S)
282–285 (322–485) R–D(I) R–D(I) K–D(I) K–D(I) K–D(I)
306–308 D–H(S) D–H(S) – – –
(381–434) – – D–R(S) – –
(389–390) – – R–E(S) – –
(392–456) – – R–D(S) R–D(S) R–D(S)
347–442 D–H(S) D–H(S) – – –
354–443 D–K(S) D–K(S) – – –
406–437 K–D(S) K–D(S) – – –
406–419 K–E(S) K–E(S) – – –
The mammalian α-amylases are PPA, porcine pancreas [15], HPA,
human pancreas [17] and HSA, human salivary [18]. Corresponding
ligands are outlined in the same row. Numbering of interacting
residues is according to AHA; mammalian α-amylases are in
parentheses. PyrG 
is pyrrolid-2-one-5-carboxylic acid. Letters in parentheses refer to: S, 
the salt bridge is situated on the surface and I, in the interior of the
parameters (see Table 5) that they are rather dependent
on crystal packing and therefore on the solvent content
in the crystals. If water-mediated hydrogen bonds are
included, a dependency on the resolution of the struc-
ture is present as well, because water molecules are less
visible in lower-resolution density maps. This is well
illustrated by a comparison of AHAwt and AHAr, which
have been solved to 2.0 and 2.4 Å resolution, respectively
(Table 5) —around 350 extra hydrogen bonds have been
found for the highest resolution structure. The number
of hydrogen bonds found in the other α-amylases does
not display striking differences from either AHAwt or the
other mesophilic α-amylases.
Charge-dipole interactions in a helices
Stabilization of α helices through charge-dipole interactions
has been found in various proteins [43]. The nature of the
amino acids in the N caps and C caps of the α helices were
therefore examined for AHA, MAA and BLA. In the case of
AHA only one of the α helices, namely α8 (Glu222–Arg234)
situated in domain A (nomenclature as in Figure 1), was
stabilized. In MAA the investigation of the helix dipoles
revealed the following: all three enzymes have four of their
helices stabilized, in domain A α5 (Asp206–Lys213), α6
(Asp255–Arg267) and α7 (Asp317–His331) and in domain B
α3 (Asp153–Arg158). The thermostable BLA (the calcium-
depleted and truncated structure [24]) deviates from this
pattern by having two of its α helices stabilized, namely α2
(Asp28–His35) and α6 (Asp266–Lys276). It is therefore dif-
ficult to argue that this effect should contribute to the sta-
bility of mesophilic α-amylases in general when compared
to the psychrophilic ones.
Concluding remarks
The high specific activity of psychrophilic enzymes has
been attributed to an improved flexibility at low temper-
atures. Such a property is thought to ensure a better
accommodation of substrates and to enhance the rapid
conformational changes required by the catalytic events
at temperatures close to the freezing point of water [3].
We have previously shown that the high activity of AHA
cannot be related to any obvious point mutation within
its active site [12]. The almost identical amino acid
sequence and spatial arrangement in AHA and MAA
active sites demonstrate that factors governing cold adap-
tation should be found elsewhere in the structure of this
psychrophilic enzyme.
Flexibility or resilience of a protein structure seems to be
a specific property of its native state arising from unfold-
ing of discrete structural elements and leading to a mol-
ecular ‘breathing’ of the native state. The reduced number
of charged residues at the surface decreases the number of
hydrogen-bond networks, thus leading to a higher flexibil-
ity at the external shell of the molecule. An improved
resilience of the external shell is certainly not sufficient to
confer an overall flexibility on the molecule if the core of
the psychrophilic enzyme remains rigid and compact. The
structures analyzed here provide strong evidence that at
least four main factors reduce the rigidity of the psychro-
philic enzyme. First, the low number of proline residues
in loops and turns can provide a higher degree of freedom
of segments connecting secondary structures. Second, a
decrease in arginine residues reduces the number of inter-
nal electrostatic interactions maintaining the overall fold.
Third, this fold is also characterized by weaker inter-
domain contacts as a result of fewer arginine-mediated
interactions, a weaker binding of the calcium ion situated
between domains A and B and the absence of a disulfide
bond between these two domains. And fourth, the expo-
sure of nonpolar groups to the solvent is certainly an
essential component for gaining flexibility. The hydro-
phobic effect is one of the main driving forces of protein
unfolding [44] and therefore the reduced number of
buried nonpolar groups in AHA can provide an entropi-
cally driven destabilization of the protein.
The recently solved structure of cold-active citrate syn-
thase [14] showed that this psychrophilic enzyme had an
active site that was more accessible than that of a hyper-
thermophilic citrate synthase, and that an increased rela-
tive flexibility of one of the two domains in the psy-
chrophilic enzyme along with other structural factors
tended to reduce the compactness of the molecule. Pre-
sumably, and in light of our results, all psychrophilic
enzymes do not use the same strategy to increase the
structural resilience, but in order to improve our under-
standing of cold adaptation and high catalytic activity at
Research Article  Cold adaptation of a-amylase  Aghajari et al. 1513
Table 5
Number of hydrogen bonds in the analysed structures with and without water molecules included.
AHAwt AHAr HPA HSA PPA BLA AMY2 TAKA ACID
Water included 1005 651 1418 960 1369 1042 697 1043 1400
Without water 403 393 494 518 487 466 378 412 417
Resolution (Å) 2.0 2.4 1.8 1.6 2.1 2.2 2.8 2.1 2.1
Number of amino acids 448 448 496 496 496 469 403 476 476
H bonds/amino acids (water included) 2.24 1.45 2.85 1.94 2.76 2.22 1.73 2.19 2.94
H bonds/amino acids (water) 0.90 0.88 0.99 1.04 0.88 0.99 0.94 0.87 0.88
Calculations were performed with HBPLUS [54].
low temperatures on a molecular level, it is certain that
more structures of psychrophilic enzymes are required.
Biological implications
Enzymes from psychrophilic microorganisms are char-
acterized not only by a marked heat lability, but also by
a high specific activity at low and moderate tempera-
tures. The psychrophilic α-amylase analyzed in this
article has sevenfold higher kcat and kcat/Km values at
4°C than one of its mesophilic counterparts, α-amylase
from porcine pancreas, with which it shares 53%
sequence identity. One of the theories proposed is that
the heat lability as well as the high specific activity are
consequences of an increased molecular flexibility,
required as a compensation for the reduction of reac-
tion rates at low temperatures. The present work is
aimed at gaining a better understanding of adaptation
to cold environments from a molecular point of view,
for instance investigating whether a higher flexibility,
as indicated from a physico-chemical point of view, can
be explained by a discernable higher flexibility of the
three-dimensional structure.
The crystal structures of this psychrophilic α-amylase
have shown several factors that favor a higher flexibil-
ity. The molecular surface of the psychrophilic enzyme
displays a reduced number of charged residues com-
pared to its mesophilic mammalian counterparts, result-
ing in a decreased number of hydrogen-bonding net-
works and thereby increasing the possibility of solvent
penetration. The core of the psychrophile is less compact,
mainly because of a reduced number of proline and
arginine residues; weaker, or even lacking, interdo-
main interactions; and replacement of non-hydropho-
bic residues in the mammalian enzymes with hydro-
phobic residues in the psychrophilic enzyme leading to
a higher degree of solvent exposure of these sidechains.
The α-amylases cleave the internal α-1,4-glycosidic
bonds in starch and related oligosaccharides and poly-
saccharides. They therefore find various applications
in industrial processes such as the detergent, brewing
and baking industries. Because of its high specific
activity at low temperatures, the psychrophilic α-amy-
lase is of great potential interest to these industries.
Materials and methods
Crystallization and data collection
The recombinant A. haloplanctis α-amylase (AHAr) expressed and
purified as described in [31] was crystallized using the hanging-drop
method of vapor-diffusion at room temperature. The concentration of
AHAr in the droplets was 18 mg/ml and 1.7 M ammonium formate in
a 0.1 M Hepes buffer (pH 7.5) was used as precipitant. Droplets of
4 µl of protein with 2 µl of mother liquor were equilibrated over reser-
voirs containing 500 µl of mother liquor. These drops were regularly
controlled, and after one year only small micro crystals were present
in the drops; then these crystals grew very slowly and after a further
year, they reached a size suitable for X-ray diffraction studies. The
crystals belong to the orthorhombic space group P212121 with unit
cell dimensions a = 56.82 Å, b = 80.28 Å and c = 120.12 Å. One
molecule is found in the asymmetric unit and a Vm of 2.78 Å3/Da
gives a solvent content of 56%. Diffraction data were collected at
15°C from a single crystal mounted in a glass capillary, on a MAR
research image plate system. X-rays (CuKα radiation) were generated
using a Rigaku RU200 rotating anode operating at 40 kV and 80 mA,
with a graphite monochromator. The data were integrated with the
program DENZO [45,46] and further data processing was carried
out using programs from the CCP4 suite [47]. Data collection and
refinement statistics are summarized in Table 6.
Solution and refinement of the structure
The three-dimensional structure of AHAwt was solved as described
elsewhere [12] and that of AHAr was determined by the molecular-
replacement method using the native structure of AHAwt as a search
model. Chloride and calcium ions, as well as water molecules, were
omitted from the search in order to avoid bias. The program AMoRe
[48] was used to find the molecular-replacement solution, and a
unique solution was obtained with a correlation coefficient of 75.2
and an R factor of 28.2%. Insertion of water molecules, chloride and
calcium ions, as well as manual re-fitting of the amino acid residues
were performed using the program TURBO-FRODO [49] and all
refinement of the structure was performed with programs from the
X-PLOR package (version 3843) [50,51]. Even though the Ri value
for these data was high (calculated on the basis of all data and no
cut-off), all observed data in the range 35–2.4 Å were employed and
bulk solvent correction was applied throughout the refinement proce-
dure [52]. An Rfree factor [51] based on 10% of the diffraction data
randomly selected, was calculated after each refinement. The well
defined electron-density maps justified the inclusion of all data. The
final model consists of 448 amino acid residues, one calcium ion,
one chloride ion and 101 water molecules. Further statistics are
given in Table 6.
Analysis of the structure
Structural superposition of Cα backbones were performed with the
‘rigid’ option in TURBO-FRODO [49]. The Cα atoms of the three cat-
alytic acids were used to make a rough rigid-body fit. Afterwards
(using these new positions as a starting point) an rms fit between all
Cα atoms within a distance of 0.3 Å further increased to 1.0 Å was
carried out. Accessible surface areas were calculated with the
program DSSP [53] and the number of hydrogen bonds were calcu-
lated using HBPLUS [54].
Accession numbers
Coordinates of the recombinant cold-adapted α-amylase have been
deposited in the Brookhaven Protein Data Bank with accession code
1boi. They will be on hold for one year. Entry code 1AQH has been
assigned to the coordinates of the native wild-type α-amylase.
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Table 6
Data collection and refinement statistics for AHAr.
Resolution range (Å) 2.4
Completeness of data (%) 98.0
Completeness of data in outermost shell (%) 95.8
Outermost shell (Å) 2.40–2.53
Total number of reflections 128,066
No. of unique reflections 21,666
I/σ(I) > 2 (%) 73.3
I/σ(I) > 2 (outermost; %) 48.2
Ri* (all reflections, no cutoff; %) 17.7
Rfactor (%) 18.0
Rfree (%) 21.7
*Ri = Σhkl Σi I (hkl)i – 〈I(hkl)〉 / Σhkl Σi I(hkl)i.
Acknowledgements
This work and NA were financially supported by the European Human
Capital and Mobility Network CHRX-CT94-0521 and the BIOTECH program
COLDZYME. Support from the Centre National de la Recherche Scien-
tifique (CNRS) is also gratefully acknowledged.
References
1. Aguilar, A. (1996). Extremophile research in the European Union: from
fundamental aspects to industrial expectations. FEMS Microbiol. Rev.
18, 89-92.
2. Feller, G, et al., & Gerday, Ch. (1996). Enzymes from psychrophilic
organisms. FEMS Microbiol. Rev. 18, 189-202.
3. Feller, G. & Gerday, Ch. (1997). Psychrophilic enzymes: molecular
basis of cold adaptation. Cell. Mol. Life Sci. 53, 830-841.
4. Gerday, Ch, et al., & Feller, G. (1997). Psychrophilic enzymes: a
thermodynamic challenge. Biochim. Biophys. Acta 1342, 119-131.
5. Pennisi, E. (1997). In industry, extremophiles begin to make their mark.
Science 276, 705-706.
6. Russell, N.J. (1998). Molecular adaptations in psychrophilic bacteria:
potential for biotechnological applications. Adv. Bioch. Eng. Biotech.
61, 1-21.
7. Nichols, D.S., Nichols, P.D. & McMeekin, T.A. (1995). Ecology and
physiology of psychrophilic bacteria from Antarctic saline lakes and
sea-ice. Science Prog. 78, 311-347.
8. Feller, G., Lonhienne, T., Deroanne, C., Libioulle, C., Van Beeumen, J.
& Gerday, Ch. (1992). Purification, characterization, and nucleotide
sequence of the thermolabile α-amylase from the Antarctic
psychrotroph Alteromonas haloplanctis A23. J. Biol. Chem. 267,
5217-5221.
9. Feller, G., Payan F., Theys, F., Qian, M., Haser R. & Gerday, Ch.
(1994). Stability and structure analysis of α-amylase from the
Antarctic psychrophile Alteromonas haloplanctis A23. Eur. J.
Biochem. 222, 441-447.
10. Arpigny, J.L., Lamotte, J. & Gerday, Ch. (1997). Molecular adaptation
to cold of an Antarctic bacterial lipase. J. Mol. Catal. B, 3, 29-35.
11. Narinx, E., Baise, E. & Gerday, Ch. (1997). Subtilisin from
psychrophilic Antarctic bacteria: characterization and site-directed
mutagenesis of residues possibly involved in the adaptation to cold.
Protein Eng. 10, 101-109.
12. Aghajari, N., Feller, G., Gerday, Ch. & Haser, R. (1998). Crystal
structures of the psychrophilic α-amylase from Alteromonas
haloplanctis in its native form and complexed with an inhibitor. Protein
Sci. 7, 564-572.
13. Alvarez, M, et al., & Maes, D. (1998). Triose-phosphate isomerase
(TIM) of the psychrophilic bacterium Vibrio marinus. J. Biol. Chem.
273, 2199-2206.
14. Russell, R.J.M., Gerike, U., Danson, M.J., Hough, D.W. & Taylor, G.L.
(1998). Structural adaptations of the cold-active citrate synthase from
an Antarctic bacterium. Structure 6, 351-361.
15. Qian, M., Haser, R. & Payan, F. (1993). Structure and molecular model
refinement of pig pancreatic α-amylase at 2.1 Å resolution. J. Mol.
Biol. 231, 785-799.
16. Larson, S.B., Greenwood, A., Cascio, D., Day, J. & McPherson, A.
(1994). Refined molecular structure of pig pancreatic α-amylase at
2.1 Å resolution. J. Mol. Biol. 235, 1560-1584.
17. Brayer, G.D., Luo, Y. & Withers, S.G. (1995). The structure of human
pancreatic α-amylase at 1.8 Å resolution and comparison with related
enzymes. Protein Sci. 4, 1730-1742.
18. Ramasubbu, N., Paloth, V., Luo, Y., Brayer, G.D. & Levine, M.J. (1996).
Structure of human salivary α-amylase at 1.6 Å resolution: implications
for its role in the oral cavity. Acta Cryst. D 52, 435-446.
19. Matsuura, Y., Kunusoki, M., Harada, W. & Kakudo, M. (1984).
Structure and possible catalytic residues of Taka-amylase A. 
J. Biochemistry 95, 697-702.
20. Swift, H.J, et al., & Wilkinson, A.J. (1991). Structure and molecular
model refinement of Aspergillus oryzae (TAKA) α-amylase: an
application of the simulated-annealing method. Acta Cryst. B 47, 
535-544.
21. Boel, E, et al., & Woldike, H.F. (1990). Calcium binding in α-amylases:
an X-ray diffraction study at 2.1 Å resolution of two enzymes from
Aspergillus. Biochemistry 29, 6244-6249.
22. Brady, R.L., Brzozowski, A.M., Derewenda, Z.S., Dodson, E.J. &
Dodson, G.G. (1991). Solution of the structure of Aspergillus niger
acid α-amylase by combined molecular replacement and isomorphous
replacement methods. Acta Cryst. B 47, 527-535.
23. Kadziola, A., Abe, J.-I., Svensson, B. & Haser, R. (1994). Crystal and
molecular structure of barley α-amylase. J. Mol. Biol. 239, 104-121.
24. Machius, M., Wiegand, G. & Huber, R. (1995). Crystal structure of
calcium-depleted Bacillus licheniformis α-amylase at 2.2 Å resolution.
J. Mol. Biol. 246, 545-559.
25. Machius, M., Declerck, N., Huber, R. & Wiegand, G. (1998). Activation
of Bacillus licheniformis α-amylase through a disorder → order
transition of the substrate-binding site mediated by a
calcium–sodium–calcium metal triad. Structure 6, 281-289.
26. MacGregor, E.A. (1988). α-Amylase structure and activity. J. Protein
Chem. 7, 399-415.
27. Jespersen, H.M., MacGregor, E.A., Henrissat, B., Sierks, M.R. &
Svensson, B. (1993). Starch- and glycogen-debranching enzymes.
Prediction of structural features of the catalytic (βα)8-barrel domain
and evolutionary relationship to other amylolytic enzymes. J. Protein
Chem. 12, 791-805.
28. Janecek, S., Svensson, B. & Henrissat, B. (1997). Domain evolution in
the α-amylase family. J. Mol. Evol. 45, 322-331.
29. Svensson, B. (1994). Protein engineering in the α-amylase family:
catalytic mechanism, substrate specificity, and stability. Plant Mol.
Biol. 25, 141-157.
30. Aghajari, N., Feller, G., Gerday, Ch. & Haser, R. (1996). Crystallization
and preliminary X-ray diffraction studies of α-amylase from the
Antarctic psychrophile Alteromonas haloplanctis A23. Protein Sci. 5,
2128-2129.
31. Feller, G., le Bussy, O. & Gerday, Ch. (1998). Expression of
psychrophilic genes in mesophilic hosts: assessment of the folding
state of a recombinant α-amylase. Appl. Environ. Microbiol. 64, 
1163-1165.
32. Chan, M.K., Mukland, S., Kletzin, A., Adams, M.W.W. & Rees, D.C.
(1995). Structure of a hyperthermophilic tungstopterin enzyme,
aldehyde ferredoxin oxidoreductase. Science 267, 1463-1469.
33. Qian, M., Haser, R., Buisson, G., Duée, E. & Payan, F. (1994). The
active center of a mammalian α-amylase. Structure of the complex of a
pancreatic α-amylase with a carbohydrate inhibitor refined to 2.2 Å
resolution. Biochemistry 33, 6284-6294.
34. Machius, M., Vértesy, L., Huber, R. & Wiegand, G. (1996).
Carbohydrate and protein-based inhibitors of porcine pancreatic
α-amylase: structure analysis and comparison of their binding
characteristics. J. Mol. Biol. 260, 409-421.
35. Feller, G., le Bussy, O., Houssier, C. & Gerday, Ch. (1996). Structural
and functional aspects of chloride binding to Alteromonas
haloplanctis α-amylase. J. Biol. Chem. 271, 23836-23841.
36. Strobl, S., et al., & Glockshuber, R. (1998). Crystal structure of yellow
meal worm α-amylase at 1.64 Å resolution. J. Mol. Biol. 278, 
617-628.
37. Van den Akker, F., Feil, I.K., Roach, C., Platas, A.A., Merritt, E.A. & Hol,
W.G.J. (1997). Crystal structure of heat-labile enterotoxin from
Escherichia coli with increased thermostability introduced by an
engineered disulfide bond in the A subunit. Protein Sci. 6, 
2644-2649.
38. Janecek, S. (1997). α-Amylase family: molecular biology and evolution.
Prog. Biophys. Mol. Biol. 67, 67-97.
39. Watanabe, K., Masuda, T., Ohasi, H., Mihara, H., & Suzuki, Y. (1994).
Multiple proline substitutions cumulatively thermostabilize Bacillus
cereus ATCC7064 oligo-1,6-glucosidase. Irrefragable proof
supporting the proline rule. Eur. J. Biochem. 226, 277-283.
40. Watanabe, K., Hata, Y., Kizaki, H., Katsube, Y., & Suzuki, Y. (1997).
The refined crystal structure of Bacillus cereus oligo-1,6-glucosidase
at 2.0 Å resolution: structural characterization of proline substitution
sites for protein thermostabilization. J. Mol. Biol. 269, 142-153.
41. Burley, S.K. & Petsko, G.A. (1985). Aromatic-Aromatic interaction: a
mechanism of protein structure stabilization. Science 229, 23-28.
42. Creighton, T.E. (1991). Stability of folded conformations. Curr. Opin.
Struct. Biol. 1, 5-16.
43. Shoemaker, K.R., Kim, P.S., York, E.J., Stewart, J.M. & Baldwin, R.L.
(1987). Tests of the helix dipole model for the stabilisation of α-
helices. Nature 326, 563-567.
44. Privalov, P.L. & Gill, S.J. (1988). Stability of protein structure and
hydrophobic interaction. Adv. Protein Chem. 39, 191-234.
45. Otwinowski, Z. (1993). Oscillation data reduction program. In
Proceedings of the CCP4 study weekend: Data Collection and
Processing. (Sawyer, L., Isaacs, N. and Bailey, S, eds), pp. 56-62,
SERC Daresbury Laboratory, England.
46. Minor, W. (1993). XDISPLAYF program. Purdue University, West
Lafayette, IN.
47. Collaborative Computational Project Number 4. (1994). The CCP4
suite: Programs for protein crystallography. Acta Cryst. D 50, 
760-763.
Research Article  Cold adaptation of a-amylase  Aghajari et al. 1515
48. Navaza, J. (1994). AMoRe: an automated package for molecular
replacement. Acta Cryst. A 50, 157-163.
49. Roussel, A. & Cambillau, C. (1991). In Silicon Graphics Geometry
Directory 86. Silicon Graphics, Mountain View, CA.
50. Brünger, A.T., Krukowski, A. & Erickson, J. (1990). Slow-cooling
protocols for crystallographic refinement by simulated annealing. Acta
Cryst. A 46, 585-593.
51. Brünger, A.T. (1992). The free R-value: a novel statistical quantity for
assessing the accuracy of crystal structures. Nature 355, 472-474.
52. Jiang, J.-S. & Brünger, A.T. (1994). Protein hydration observed by 
X-ray diffraction: solvation properties of penicillopepsin and
neuraminidase crystal structures. J. Mol. Biol. 243, 100-115.
53. Kabsch, W. & Sander, C. (1983). Dictionary of protein secondary
structure: pattern recognition of hydrogen bonded and geometrical
features. Biopolymers 22, 2577-2637.
54. McDonald, I.K. & Thornton, J.M. (1994). Satisfying hydrogen-bonding
potential in proteins. J. Mol. Biol. 238, 777-793.
55. Thompson, J.D., Higgins, D.G. & Gibson, T.J. (1994). CLUSTALW:
improving the sensitivity of progressive multiple sequence alignment
through weighting, position and specific gap penalties and weight
matrix choice. Nucleic Acids Res. 22, 4673-4680.
56. Kraulis, P.J. (1991). MOLSCRIPT: a program to produce both detailed
and schematic plots of protein structures. J. Appl. Cryst. 24, 946-950.
57. Nicholls, A.J. (1993). GRASP: graphical representation and analysis
of surface properties. Biophys. J. 64, A116.
1516 Structure 1998, Vol 6 No 12
